Abstract. The cosmic microwave background (CMB) encodes information about the content and evolution of the universe. The presence of light, weakly interacting particles impacts the expansion history of the early universe, which alters the temperature and polarization anisotropies of the CMB. In this way, current measurements of the CMB place interesting constraints on the neutrino energy density and mass, as well as on the abundance of other possible light relativistic particle species. We present the status of an on-going 1500 sq. deg. survey with the SPT-3G receiver, a new mm-wavelength camera on the 10-m diameter South Pole Telescope (SPT). The SPT-3G camera consists of 16,000 superconducting transition edge sensors, a 10x increase over the previous generation camera, which allows it to map the CMB with an unprecedented combination of sensitivity and angular resolution. We highlight projected constraints on the abundance of sterile neutrinos and the sum of the neutrino masses for the SPT-3G survey, which could help determine the neutrino mass hierarchy.
Introduction
The South Pole Telescope (SPT) is a 10-meter telescope located at the Amundsen-Scott South Pole Station designed to make high-resolution millimeter-wavelength measurements of the cosmic microwave background (CMB). The SPT-3G camera on the SPT was deployed in the 2016-2017 austral season. It consists of over 16,000 transition-edge sensors, a 10x increase in detectors over the previous-generation camera on the SPT [1] [2] . These detectors are polarization-sensitive and span three frequencies -90, 150, and 220 GHz. These significant improvements will allow the SPT-3G camera to map the polarization and temperature anisotropies of the CMB with unprecedented depth (∼ 2 µK in temperature at 150 GHz), resolution (1 arcmin), and sky coverage (1500 deg 2 ).
The CMB provides a unique way to probe particle physics since it was emitted in the early universe. First, the anisotropies provide a snapshot at ∼380,000 years after the Big Bang. In this period, neutrinos and other light relics comprised around 10% of the energy density of the universe, as opposed to < 1% now. Small-scale anisotropies are particularly affected by this radiation because small-scale structure is exponentially damped by an increased energy-to-mass ratio in the early universe. This allows for a sensitive measurement of N eff , the parameter that refers to the effective number of neutrino species [3] . The measurement of N eff is described in Section 2. Second, CMB photons have been traveling through the universe for billions of years. The intervening matter between the surface of last scattering and the telescopes that observe the CMB affects the CMB photons, for example by scattering and gravitational lensing. The change to large-scale structure over time is thus imprinted in the CMB measurements that are made today. In this way, the large-scale structure, and therefore the effect of the sum of the neutrino masses on the expansion history of the universe, can be studied [4] [5] . The measurement of m ν is described in Section 3.
Light Relics and Neutrinos in the Early Universe
A particle species in chemical equilibrium with the Standard Model particles at any point in the early universe contributes to the universe's total energy density. The fractional amounts of the energy density of the early universe that are composed of matter, dark energy, or radiation all change the expansion rate of the universe. The net effect of this is observed in the CMB temperature and polarization power spectra. The power spectra of the CMB have a series of peaks and troughs that decrease in amplitude at small angular scales and are the products of acoustic oscillations and photon diffusion damping [6] [7] . The locations of the peaks and the shape of the damping tail determine the parameter N eff , the effective number of neutrino species [8] . The Standard Model predicts a value of N eff = 3.046. The difference between the Standard Model prediction and the naive prediction of 3 stems from entropy transferred to neutrinos during electron-positron annihilation due to neutrinos not being fully decoupled from the early universe plasma. Additional light relativistic particles contribute a change to N eff related to the point at which they decoupled from the primordial plasma (related to their masses and cross-sections). This potential extra energy contribution to N eff could be due to a sterile neutrino, axion-like particles, a matter/antimatter asymmetry in the neutrino sector, or any other possible light relic in the early universe [9] . In Figure 1 , contributions from additional light relics are shown as functions of their spin and freeze-out temperature. As seen in the figure, for a ΛCDM + Y p (the primordial helium abundance) + N eff cosmology, Planck has measured the current best limit, a change in N eff of ∆N eff = 0.19 at 1σ [10] , which rules out particles that decoupled after quarks became confined to hadrons (the QCD phase transition). This corresponds to many more degrees of freedom in the early universe plasma, and consequentially smaller changes in N eff for additional particle species. With SPT-3G's sensitivity of ∆N eff = 0.1 at 1σ, it is projected to be one of the first experiments which will measure beyond the QCD phase transition, placing interesting constraints on new physics.
Measuring Neutrino Mass from Clusters and Lensing
In addition to being a snapshot of the early universe, the CMB also provides a probe of the evolution of cosmic structure over time. As neutrinos free-stream, they suppress small-scale structure as described in the previous section. This suppression is caused by the particles . The black dashed line shows the current best constraint on ∆N eff from P lanck [10] , and the magenta line is the forecast for SPT-3G, showing that SPT-3G could go beyond the QCD phase transition. Figure 2 . Projected 68 and 95% confidence intervals for S8 vs. m ν determined from: P lanck TT+TE+EE+lowE CMB [10] (green), the forecasted improvement adding first SPT-3G CMB (gray) and then DESI BAO data [12] (purple), and the forecasted constraints from P lanck TT+lowE with the SPT-3G cluster data (red). being ultra-relativistic. As the universe ages and they cool, they slow, changing their effect on structure. Combining the measurement of early structure from the preceding section with any of a number of measurements of more recent times thus provides an opportunity to measure the neutrinos' velocity as a function of energy, and thus their mass [4] [5] . This is a complementary approach to terrestrial neutrino experiments -the CMB measures m ν , as opposed to the differences between the neutrino flavors. Due to SPT-3G's high angular resolution, the data will actually be able to provide two separate constraints of m ν : one from galaxy clusters and one from CMB lensing. These two methods have different systematic uncertainties, so this provides a compelling cross-check for m ν constraints from cosmological data.
First, the abundance of galaxy clusters over time traces large-scale structure. As CMB photons pass through the hot gaseous regions of galaxy clusters, they can scatter off high-energy electrons. This imprints a characteristic spectral distortion called the Sunyaev-Zeldovich effect [13] in CMB maps at the location of galaxy clusters. In this way, large-scale structure over time can be characterized by the abundance of galaxy clusters as a function of mass and redshift.
Second, lensing also probes large-scale structure. The intervening matter between us and the surface of last scattering distorts the CMB spectrum through lensing. The amplitude of the lensing signal is proportional to the amount of large-scale structure in the universe and as a result can be used to characterize the effect of massive neutrinos.
These two measurements constrain m ν on a similar order of magnitude as displayed in Figure 2 . This figure shows the joint confidence intervals for the sum of the neutrino masses and a parameter describing the combination of the amplitude of the matter power spectrum and the matter energy density. The quantity S8 is defined by the amplitude of the matter power spectrum (σ 8 ) and the sum of the cold dark matter, baryon, and massive neutrino energy densities (Ω m ) via the relationship S8 = σ 8 Ω m /0.3. The constraint from SPT-3G galaxy clusters is forecast to be σ( m ν ) 0.055 eV and σ( m ν ) 0.06 eV from CMB lensing (SPT-3G + P lanck). Adding in the Dark Energy Spectroscopic Instrument (DESI) baryon acoustic oscillations (BAO) data [12] , the SPT-3G forecast improves to σ( m ν ) 0.038 eV. Currently, neutrino oscillation experiments limit m ν ≥ 0.067 eV. The inverted hierarchy dictates that there are two neutrinos with m ν ≥ 0.049 eV, which would make m ν ≥ 0.107 eV [14] . Assuming the normal hierarchy and the minimum value of m ν = 0.067 eV, SPT-3G could provide evidence against the inverted hierarchy. Conversely, assuming the inverted hierarchy, SPT-3G could rule out m ν = 0 at 2σ.
Summary
Using the polarization and temperature power spectra, SPT-3G will provide a 1σ constraint of ∆N eff = 0.1, probing new parameter space for light relic particles in the early universe. Between the two systematically independent metrics of galaxy clusters and CMB lensing, SPT-3G will set a constraint of σ( m ν ) 0.038 eV, a 30% improvement over P lanck. Studying the CMB using SPT-3G data provides a cutting-edge and complementary window into the Standard Model and beyond.
